Malnutrition results in serious consequences for growth and cognitive development in children. We studied select child and maternal biologic factors, socioeconomic factors, enteric pathogenic burden and gut function biomarkers in 402 children 6-24 months of age in Northeastern Brazil. In this prospective case-control study, not being fed colostrum [odds ratio (OR): 3.29, 95% confidence interval (CI): 1.73-6.26], maternal age ≥18 years (OR: 1.88, 95% CI: 1.10-3.22) and no electric fan (OR: 2.46, 95% CI: 1.22-4.96) or bicycle (OR: 1.80, 95% CI: 1.10-2.95) in the household were positively associated, and higher birth weight (OR: 0.27, 95% CI: 0.19-0.38), larger head circumference (OR: 0.74, 95% CI: 0.66-0.82) and shortness of breath in the last 2 weeks (OR: 0.49, 95% CI: 0.27-0.90) were negatively associated with malnutrition. Subclinical enteric pathogen infections were common, and enteroaggregative Escherichia coli infections were more prevalent in malnourished children (P = 0.045). Biomarkers such as the lactulose-mannitol test, myeloperoxidase, neopterin and calprotectin were highly elevated in both malnourished and nourished children. Nourished children had a better systemic immune response than the malnourished children, as detected by elevated serum amyloid A-1 and soluble cluster of differentiation protein 14 biomarkers (P < 0.001). Serum amyloid A-1 and soluble cluster of differentiation protein 14 were also associated with better nutritional Z scores. Neonatal, maternal and socioeconomic factors were associated with malnutrition in children. There was a substantial subclinical enteric pathogen burden, particularly with enteroaggregative E. coli, in malnourished children.
M
alnutrition is a public health problem among young children in the developing countries, directly and indirectly increases the risk of morbidity and mortality in children younger than 5 years old, and is associated with more than one-third of all causes of deaths among these children globally. 1 Malnutrition is also associated with irreversible, short adult height, lower levels of attained schooling, reduced physical activity, lower income as an adult and most importantly, impaired cognitive development, which is detrimental for a competitive adult life and quality of life in adulthood. [2] [3] [4] Studies have also shown that malnutrition increases the risk for overweight, metabolic syndrome and cardiovascular diseases in adulthood. [3] [4] [5] The determinants of malnutrition are multifactorial and differ between geographic settings. 6 They include maternal, neonatal, and socioeconomic factors, food intake and enteric pathogenic burden that can affect gut function and local and systemic immune-related inflammatory responses that increase the risk for a vicious cycle of environmental enteropathy, morbidities and malnutrition. 2, 7, 8 It is important to evaluate these determinant variables to develop a cost-benefit plan for prevention of and interventions for malnutrition, particularly because interventions have not successfully broken this vicious cycle or reduced the prevalence of malnutrition in many developing countries. 9 Malnutrition is also associated with an increased incidence and duration of diarrhea among children; conversely, diarrheal diseases are associated with an increased risk of malnutrition. [10] [11] [12] [13] Studies published in the last few decades have reported a negative impact of diarrheal diseases on growth and the impact of specific enteric pathogens on growth faltering. 2, [14] [15] [16] [17] [18] However, the impact of a broad spectrum of enteric pathogens on gut function, local and systemic immune-related inflammatory responses and malnutrition have not been completely investigated in the literature.
In Brazil, the most prevalent area for undernutrition and stunting is the semiarid region from north of Minas Gerais to south of the state of Piaui; this area includes the state of Ceará.
MATERIALS AND METHODS

Study Design, Population and Ethical Approval
This prospective case-control study was conducted in Fortaleza, Ceará, Brazil, from August 19, 2010 , to September 30, 2013 . Children who attended the Institute for the Promotion of Nutrition and Human Development clinic for nutritional counseling were recruited. Demographic and socioeconomic informations are described in detail elsewhere. 20 The inclusion criteria were 6-24 months of age, weight-forage Z score (WAZ) <−2 for malnourished and >−1 for nourished children, healthy (ie, without any specific illness or fever) and mother/primary caregiver present with legal custody of the child. The exclusion criteria were prolonged hospitalization or serious health issues, such as HIV, tuberculosis, neonatal disease, kidney disease or other diseases diagnosed by a physician and a parent or primary caregiver with cognitive deficits or <16 years of age. We initially attempted to pair controls with cases by sex and age, but difficulties with enrollment led us to enroll controls by age for inclusion between 6 and 24 months. Standard nutrition education and supplementation for malnourished children were provided following the World Health Organization guideline for the management of malnutrition. 9 The study protocol and consent form were approved by the local institutional review board (IRB) at the Federal University of Ceará, the national IRB Conselho Nacional de Ética em Pesquisa and the IRB at the University of Virginia in the United States of America.
Anthropometric Measurements
Anthropometry was measured at enrollment and then every 3 months during the 24-month follow-up. The health professionals used a standard board to measure length to the nearest 0.1 cm. Digital scales were used to measure weight to the nearest 100 g. The WAZ, length-for-age Z score (LAZ) and weight-for-length Z score (WLZ) were calculated according to the World Health Organization Multi-Center Growth Reference Study.
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Neonatal and Maternal Factors and Socioeconomic Status
The following information was obtained using a case report form developed specifically for this study and based on previous pilot data 20 : anthropometrics for the child, child care, mother or caregiver characteristics, house, people who usually sleep in the house, source of water, toilet facility, average monthly income and many other related parameters.
Morbidities
Maternal-reported child illnesses and antibiotic use for the previous 2 weeks, including the day of collection, were collected from the enrollment surveillance form and then every 3 months. For this report, we used the first reported information at the enrollment surveillance for diarrhea, acute lower respiratory infections and fever. The definitions for onset and episodes are detailed elsewhere.
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Microbiology
Surveillance stool samples were collected at enrollment and at each 3-month follow-up. They were tested for an expansive panel of bacterial, viral and parasitic enteric pathogens using a standardized microbiology protocol, as previously described. 23 Briefly, the bacteriology protocol was optimized for Salmonella, Shigella, Vibrio, Yersinia, Aeromonas and Plesiomonas. Culture media was from BD (Sparks, MD), and it was purchased and prepared in-house. Up to 5 suspect colony morphologies were selected and screened using the Analytical Profile Index 20E (BioMérieux, Craponne, France) identification system. For Escherichia coli, we selected a pool of 5 lactose-fermenting colonies resembling E. coli and characterized them for virulence genes using a multiplex polymerase chain reaction assay. The virulence genes selected for polymerase chain reaction probes are detailed in reference 23. For Campylobacter jejuni/coli diagnosis we used labelled with FAM (6-carboxyfluorescein) and dye-labelled groove-binding (MGB) at 3' and a TaqMan probe to detect the Campylobacter adhesin to fibronectin gene, as previously reported. 24 , 25 The assay primer and probe sequences were as followed: Forward primer, CTGCTAAACCATAGAAATAAAATTTCTCAC, Reverse primer, CTTTGAAGGTAATTTAGATATGGATAATCG, and Probe, CATTTTGACGATTTTTGGCTTGA. For Cryptosporidium (oocyst protein), Entamoeba histolytica (surface adhesion molecule) and Giardia (cyst wall protein) detection on stool samples, we used the protozoa kits from TechLab (Blacksburg, VA). 23 The ProSpecT kits (Oxoid Ltd., Ely, United Kingdom) were used for rotavirus (VP6), adenovirus (detects all human adenovirus serotypes via a genus-specific adenovirus hexon antigen) and astrovirus kits. 
Gut Function Tests
The lactulose-mannitol test was used to evaluate intestinal permeability, malabsorption and damage. At enrollment, children fasted for 2 hours and were encouraged to void before administration of a solution containing lactulose (250 mg/mL) and mannitol (50 mg/mL), in a dose of 2 mL/kg (maximum administered dose, 20 mL) at a concentration of 1002 mOsm/L. Healthcare professionals collected and measured the urine following voiding for 5 hours; 1-2 drops of chlorhexidine (2.35%) were added. Lactulose and mannitol were measured as previously described. 26 Stool samples were collected in a sterile container, aliquoted and stored in cryovials at −20°C until assay. Samples for alpha-1-antitrypsin (A1AT) and product of regenerating gene 1β were diluted 10×, 100×, 500× and 1000× in buffer with protease inhibitors. The A1AT enzyme-linked immunosorbent assay (ELISA) kit was from Biovendor (Candler, NC), and the ELISA kit for regenerating gene 1β was from TechLab (Blacksburg, VA).
Plasma samples were collected, aliquoted and frozen at −80°C until tested for fatty acid-binding protein (I-FABP; Hycult Biotech, Uden, Netherlands).
Standard curves provided by the ELISA kits were used for quantification.
Myeloperoxidase (MPO) was measured in stool samples, using a kit from Immundiagnostik (Bensheim, Germany). Neopterin and calprotectin were measured from plasma samples using ELISA kits (Immundiagnostik, Bensheim, Germany and R & D Systems, Minneapolis, MN, respectively).
Plasma samples were used to measure high-sensitivity C-reactive protein, serum amyloid A-1 (SAA-1), lipopolysaccharide (LPS) binding protein and soluble cluster of differentiation protein 14 (sCD14). The ELISA kits were provided by Hycult Biotech (Uden, Netherlands). Immunoglobulin (Ig)A and IgG against LPS (LPS IgA and LPS IgG) were measured based on the assays, as described elsewhere. 27 Plasma samples were diluted, and the manufacturer-recommended standard curves were used.
Outcome Variables
The outcome variables were WAZ, LAZ and WLZ. WAZ was used to categorize children as malnourished or nourished. We also stratified the nutritional Z scores (WAZ, LAZ and WLZ) for the lower 25th percentile of the malnourished children versus the upper 75th percentile of the nourished.
Statistical Analysis
The MAL-ED Case-Control Study was part of a multicenter, longitudinal case-control study, and the Fortaleza, Ceará, Brazil site used a standardized protocol and data collection tools. 20, 28 Inbuilt training, quality assurance and quality control protocols enabled this study to maintain a quality database for analysis. The data were entered twice using Microsoft Access software (Microsoft Corporation, Redmond, WA) and validated by crossmatching the 2 databases.
Bivariate analysis of 69 variables was initially conducted. χ 2 or Fisher exact tests were conducted to compare categorical variables between malnourished and nourished groups. Student t tests for data with a normal distribution and Mann-Whitney U tests for data without a normal distribution were used to compare continuous variables between these groups.
As there are multiple determinants of the selected outcomes and some of the determinant variables are dichotomous, we performed multivariable logistic regression analysis using a backward stepwise regression strategy and including variables with a significance level ≤25% in the bivariate analyses: 29 The Wald test, which calculates a Z statistic (z = β/SE), was used to evaluate the statistical significance of each coefficient (β) in the model. The value of significance level (P) was assumed a higher value of P that suggests a greater number of variables to be tested as potential explanatory variables using the multivariate logistic regression model. This was the criteria adopted in the stepwise backward regression analysis. The initial set of multiple explanatory variables were selected based on P ≤ 0.25 and those in the final model remained if they met the P < 0.05 significance level. However, we noted a borderline significance (P = 0.06 for the electric fan) for 1 variable and observed that withdrawal of this variable from the model significantly changed the odds ratio (OR) of other variables that remained in the model. We therefore decided to leave this variable in the final model as described in Table 3 . For the anthropometric variables, sex and age were matched in a further multivariable logistic regression analysis; there was no significant difference between the malnourished and nourished groups. Results are presented as the OR for malnutrition.
In addition, subgroup analysis was performed for children with subclinical enteroaggregative E. coli (EAEC) infection to compare the plasma concentrations of LPS IgA and LPS IgG between the malnourished and nourished children.
P values ≤0.05 were considered statistically significant. Statistical analyses were conducted using SPSS, version 20 (IBM Corp, Armonk, NY).
RESULTS
Participant Selection and Enrollment
Of the 402 children (201 malnourished and 201 nourished) who were enrolled, 88 were lost to follow-up, 18 moved away and 1 died during the study period (Fig. 1) . For determinant variables, we analyzed initially all 402 children at the time of enrollment using the univariable analysis, and the results are summarized in the Table (Supplemental Table 1 summarizes the select baseline characteristics included in the bivariate analysis of the 69 variables (Table, Supplemental Digital Content 1, http://links.lww.com/INF/ C689). The nourished children were significantly younger than the malnourished children. The nourished children had greater birth weight, larger head circumference, greater weight, greater length and higher WAZ, LAZ and WLZ than the malnourished children. Greater proportions of the nourished children were fed colostrum and were still breastfeeding. The malnourished children were younger than the nourished children when they were first given plain water, sugar water, honey water, juice or cow/ goat milk.
Comparisons Between the Malnourished and Nourished at Enrollment
The mothers/caregivers of nourished children weighed more, were taller, had more pregnancies, had more live births and had fewer years of schooling than those of malnourished children. Regarding socioeconomic status, greater proportion of the nourished group had an electric fan or bicycle and had a better source of drinking water for the household. Table 2 shows the results of the multivariable logistic regression analysis, and the most significant factors for malnutrition are shown in Figure We ran Fisher exact test or Pearson correlation for each of our predictor variables that met the basic univariate inclusion criteria for our multivariate model. Most of our predictive variables had P > 0.05, only a few like birth weight and head Collinearity is not a substantial contributing factor for our models despite the large number of variables measured in this study. The electric fan does add some increased interpretability to our final model, and we prefer to include it although it does not strictly meet the 0.05 probability criterion. We ran additional analysis taking out the electric fan from the multivariable logistic regression model and it did not change much the P value and OR of the other variables, showing that electric fan it is not collinearity with these variables. We also ran the Fisher exact test or Pearson correlation between these variables included in the logistic model and did not find significant association or correlation (P > 0.05).
Prevalence of Enteric Pathogens in Subclinical Infection
The top 5 most prevalent enteric pathogens were atypical enteropathogenic E. coli, enteroinvasive E. coli, Giardia spp., EAEC) and C. jejuni/coli (Table 4 and Fig. 2) . A greater proportion of the malnourished group had EAEC. The plasmid-encoded dispersin translocator (aatA) gene was detected more often in the malnourished group than in the nourished group (88/278, 32% vs. 66/280, 24%; P = 0.037; χ 2 test). The combination of enteric pathogens, stratified as none, 1, 2, 3 or ≥4, was not different between the malnourished and nourished groups.
Gut Function and Local and Systemic Immunerelated Inflammatory Responses
Nourished children had more vigorous, systemic, innate immune responses than the malnourished children, as indicated by the higher concentrations of SAA-1 (P < 0.001) and sCD14 (P < 0.001) ( Table 5 ). Calprotectin concentration was borderline (P = 0.056) higher in the malnourished group than in the nourished group. The SAA-1 and sCD14 biomarker concentrations were higher in the upper 75th percentile of nourished children than in the lower 25th percentile of malnourished children, based on WAZ, LAZ or WLZ (Table 6 ). I-FABP and anti-LPS IgG concentrations were higher in the lower 25th percentile of the malnourished children based on LAZ and WAZ, respectively, than in the upper 75th percentile of nourished children.
Malnourished children with subclinical EAEC infection had higher concentrations of LPS IgA and LPS IgG than the nourished children with the same subclinical infection (Fig. 3) .
DISCUSSION
We first study the homogeneity between the malnourished and nourished children. These results showed clearly that there are a number of variables that are relevant for a broad approach to the intervention and prevention of childhood malnutrition, such as mother/caregiver characteristics, anthropometry of the child, childcare, socioeconomic status and malnutrition-associated morbidities, not only in the bivariate analysis but also in the logistic regression analysis, which was conducted to determine the most important variables. Association of malnourished children with mothers = or >18 years old is explained by the need for such mothers to work outside of their houses to provide better wages for the family. This is a very common practice in urban communities in Brazil.
A study of the causes for the decreased prevalence of undernutrition in children in Brazil in 1996-2007 showed that there were 4 associated factors: higher levels of maternal schooling, increased purchasing power of families, expansion of healthcare and improvements in sanitation. 30 A community-based crosssectional study conducted with children 0-5 years of age in tribal areas of India also showed that maternal literacy status, Household Wealth Index and morbidities were associated with underweight and stunting. 31 In a cross-sectional study to evaluate the risk factors for undernutrition among children <36 months of age in the Kilimanjaro region of Tanzania, a diverse set of variables, including maternal education, child's age and distance to a water source, were associated with underweight. 32 Recently, a survey of children 0-6 years of age in 30 cities in the Fars province, Iran, showed a diverse set of variables associated with underweight, including sex, settlement area, family size, ethnicity, family aatA indicates ABC transporter A; aaiC, aggR-activated island C; aEPEC, atypical enteropathogenic Escherichia coli; bfpA, bundle-forming pili; eae, intimin adherence protein; EIEC, entero invasive E. coli; ETEC, enterotoxigenic E. coli; ipaH, invasion plasmid antigen H; STEC, shiga toxin-producing E. coli; stx1 or stx2: shiga toxin 1 or 2.
income, maternal education, health services and safe water supply. 33 Collectively, these results demonstrate the diversity of the variables associated with malnutrition and the importance of identifying the important variables by specific geographic setting in a multicenter study design.
Enteropathogenic E. coli, enteroinvasive E. coli, Giardia spp., EAEC and C. jejuni/coli were the most prevalent pathogens in stool samples from both nourished and malnourished children in the present study. Moreover, the number of children with EAEC infection was significantly different based on nutritional status. The most prevalent enteric pathogens associated with moderate to severe diarrhea in the Global Enteric Multicenter Study, which studied the etiology and burden of diarrheal diseases in children 0-59 months of age in Africa and Asia, were rotavirus, Cryptosporidium, enterotoxigenic E. coli producing heat-stable toxin (with or without heat-labile enterotoxin coexpression) and Shigella. 34 The children in which these pathogens were detected had growth deficit, as measured using the height-for-age Z score 50-90 days later, suggesting that these pathogens influence nutritional status. Recent data from the MAL-ED Cohort Study Network also showed that enteric pathogen burden and, in particular, high exposure to Campylobacter or EAEC was associated with a growth deficit. 35 EAEC has consistently been associated with malnutrition in the present and previous studies, with effects on growth even without overt diarrhoea. 16 Two systemic immune and inflammatory biomarkers, sCD14 36, 37 and SAA-1, 38 were higher in the nourished than in the malnourished children, supporting that these children had chronic, endemic enteropathy with enteric pathogen contamination that resulted in LPS/bacterial translocation; however, the nourished children had a better immune response.
Biomarkers for intestinal and systemic inflammation, including MPO, neopterin and calprotectin, were present in high concentrations in both groups, with or without breastfeeding (data not shown), suggesting chronic, endemic environmental enteropathy. Plasma calprotectin, which has been used as a biomarker for systemic neutrophil elevation, [39] [40] [41] was higher in the malnourished than in the nourished children. To examine the associations between these biomarkers and the clinical growth parameters (LAZ, WAZ and WLZ), we compared the results between the lower 25th percentile of malnourished children and the upper 75th percentile of nourished children. sCD14 and SAA-1 were consistently higher, across all Z scores, in the nourished than in the malnourished children, while LPS IgG was higher in children with higher WAZ, suggesting a better immune response against LPS/Gram-negative bacteria translocation in the nourished children.
Furthermore, I-FABP, a biomarker associated with intestinal damage, 42 was higher in children with lower LAZ scores, suggesting intestinal damage. In the subanalysis of children infected with EAEC, the malnourished children had higher LPS IgA and LPS IgG concentrations than the nourished children, which is consistent with intestinal damage, as measured by I-FABP, and potential translocation of LPS/EAEC-specific enteric pathogens in malnourished children. We have recently also published extensive biomarker findings analyzed with growth data that were available in these children and find higher fecal MPO, A1AT, lactulose-to-mannitol ratio, plasma LPS, I-FABP and SAA associated with predict impaired subsequent growth, while better growth was predicted by plasma citrulline (in girls) and tryptophan (in boys). 43 This study had some limitations. Because the MAL-ED protocol was not designed to assess the association between illness and malnutrition in children, daily morbidity data were not collected. Data regarding the quantity and quality of complementary food intake that could influence malnutrition were also not collected. When we ran the multivariate model, we lost some of these children in the analysis and this is also a limitation of this study. Our protocol design was to match subjects on age and gender. We set our inclusion criteria for age to 6-24 months old, which age range we considered close enough to declare that an index subject's age is "matched" with a reference subject's age if within that range. Our goal was met with all children successfully enrolled within that age range. The result was that mean month of age of control children (12.4 months; standard deviation: 5.45) was 2.4 months younger compared with case children (14.8 months; standard deviation: 5.4). In response to this observation, all results presented were statistically adjusted for child age. Note that inclusion of child age added little predictive variance. Despite these limitations, the study also had several strengths. First, the MAL-ED study comprehensively collected information for neonatal factors, anthropometry, childcare, mother/caregiver characteristics, socioeconomic status and morbidities that enabled identification of key variables associated with malnutrition. Second, quality control was ensured by the standardized protocol and data collection by a trained team. Third, the study used an expansive panel of bacterial, viral and parasitic enteric pathogens and a standardized microbiology protocol. 20 In summary, neonatal, maternal and socioeconomic factors were significantly associated with malnutrition in children. Enteric inflammatory biomarkers were elevated, suggesting environmental enteropathy. Plasma concentrations of the systemic immune-related inflammatory biomarkers SAA-1 and sCD14 protein were elevated in both malnourished and nourished children and were significantly higher in the nourished children, suggesting a better systemic immune response. EAEC was more prevalent in malnourished children, who also had higher plasma I-FABP concentrations, suggesting intestinal epithelial damage. Malnourished children with EAEC colonization had higher plasma LPS IgA and LPS IgG concentrations, suggesting damage to intestinal barrier function with LPS/ EAEC bacterial translocation. These data emphasize the need to improve maternal and neonatal care as well as piped water supply and monthly income factors.
